https://mc06.manuscriptcentral.com/cjc-pubs qualitatively match the experimental data. The lack of strong correlations between the experimental and computed data, and between these data and any single structural feature is attributed to motion of the water molecules and to the relatively small overall range in the NMR parameters relative to their measurement precision. Nevertheless, the isotropic chemical shift, quadrupolar coupling constant, and CS tensor span clearly differentiate between the samples studied, and establish a 'fingerprint' 17 O spectral region for water coordinated to metals in solids.
Introduction
Water is essential to life, innumerable biochemical and inorganic processes, chemical reactions, and the structure and properties of various materials. 1, 2 Water molecules play key structural roles in organic, biological, and inorganic hydrates. 3, 4, 5, 6, 7, 8 The number of water molecules which crystallize in the unit cell generally has a significant impact on the overall structure and symmetry of the crystal. This can be of particular importance in mineralogy, 9 in the pharmaceutical industry, 10, 11 and in the study of pseudopolymorphism in general. 12, 13 Water molecules very often participate in hydrogen bonds in solids, thus contributing to the arrangement of molecules during crystallization and in the final solid obtained. Nuclear magnetic resonance (NMR) spectroscopy has played a pivotal role in the characterization of hydrogen bonds, generally through the interpretation of spectral data for the 1 H nucleus. For example, 1 H chemical shifts are known to be excellent indicators of the presence and strength or geometry of hydrogen bonds in solution and in the solid state. 14, 15 Wu et al. 16 have characterized the 1 H chemical shift (CS) tensor for water molecules in a series of solid hydrates and shown the relationship between the CS tensor principal components (δ 11 , δ 22 , δ 33 ) and the geometry of the hydrogen bond. Combinations of these components may also be used to describe the isotropic chemical shift (δ iso = (δ 11 +δ 22 +δ 33 )/3), span (Ω = δ 11 -δ 33 ), and skew (κ = 3(δ 22 -δ iso )/Ω) parameters.
Studying the oxygen environment in solid hydrates via NMR spectroscopy is challenging for several reasons. The only NMR-active oxygen nuclide, 17 O (spin I = 5/2), has a low natural abundance (0.037%) and significant nuclear electric quadrupole moment (Q), generally resulting in low sensitivity and broad line shapes. 17 The second-order quadrupolar broadening, resulting from the coupling of the quadrupole moment with the electric field gradient (EFG), varies D r a f t 5 inversely with the applied magnetic field strength, suggesting that the use of very high applied magnetic fields will facilitate 17 O NMR studies in terms of sensitivity and resolution. The quadrupolar coupling constant (C Q ) and asymmetry parameter (η) may be expressed in terms of the principal components of the EFG tensor (V 33 ≥ V 22 ≥ V 11 ):
Isotopic enrichment is also commonly used in 17 O NMR studies in order to render them practical. Bruker HX MAS probes were used to obtain spectra of the static and 10 kHz MAS samples, respectively. 50 kHz MAS spectra of 1 were obtained using a 1.3 mm HX Bruker MAS probe.
Spectra were referenced to the 17 O resonance of tap water at 0 ppm. Proton decoupling was used for stationary samples (e.g., 100 kHz continuous wave at 21.1 T). Bloch decay, 90-90 echo, or 90-180 echo sequences were used. A modified quadrupolar-echo (π/2 -τ -π/2 -τ -acquire)
pulse sequence, 33 where the second pulse is replaced by a 90 degree (π/2) pulse was found to produce more accurate 17 O NMR line shapes for stationary samples. Excitation pulse lengths were typically 2 µs and recycle delays ranged from 3 to 60 s. Further details for each sample are given in the Supporting Information. Data were processed by left-shifting the echo maxima where needed prior to Fourier transformation.
The spectral line shapes were generally fitted to models incorporating anisotropic chemical shift and quadrupolar coupling tensors using WSolids simulation software. 34 The simulation of
MAS NMR spectra including spinning sidebands was carried out using Bruker's TopSpin version 3.0. 35 First, the quadrupolar coupling constant, asymmetry parameter, and isotropic chemical shift were determined by fitting the MAS NMR spectra. The remaining parameters describing the CS tensor and the relative orientation of the CS and EFG tensors were then determined by fitting the spectra of stationary samples. 
(iii) Computational details

Results and Discussion
The local structures around the waters of hydration in compounds 1 to 5 are shown in For all compounds, the water of hydration has been isotopically enriched. In addition, for compound 1, the oxygen atoms of the oxalic acid moiety have also undergone exchange with the enriched 17 O water during the sample preparation process. As such, the spectra of 1 feature three resonances while the spectra of 2, 3, 4, and 5 feature single signals from the waters of hydration.
The discussion here is focussed on the NMR parameters of the waters of hydration in all compounds. The CS and quadrupolar tensor parameters derived from the spectral fits are presented in Table 2 . were also obtained as a result of the fitting process, and the relevant EFG and CS tensor parameters are summarized in Table 3 . The EFG tensor data are within experimental error of those reported by Wittebort and co-workers in a single-crystal NMR study. 45 Some of the CS tensor principal components are slightly outside the error ranges quoted in the previous study; we note that while single-crystal NMR studies are typically highly accurate, our study has been carried out in a much higher applied magnetic field (21.1 T vs 11.7 T), which amplifies the spectral effects of the CS tensor.
Oxygen-17 NMR spectra of powdered barium chlorate monohydrate (2) are shown in as barium is quite heavy, this could be in part due to an indirect relativistic effect on the oxygen.
Fitting of the spectra of stationary samples provided in addition a CS tensor span of 25 ± 5 ppm,
skew of -0.7 ± 0.3, and the Euler angles describing the non-coincidence of the EFG and CS tensor principal axis systems ( Table 2 ).
The 17 O SSNMR spectra of lithium sulfate monohydrate (3) are shown in Figure 4 .
Again, spectra of stationary samples were acquired at 9.4 and 21.1 T, and a spectrum of a MAS sample was acquired at 21.1 T. The water of hydration is characterized by the following parameters: δ iso = -7 ± 1 ppm, C Q = 6.6 ± 0.1 MHz, and η = 0.86 ± 0.02. This sample has the smallest quadrupolar coupling constant among the data reported presently and additionally amongst those reported by Michaelis et al. for amino acid monohydrates. 24 Our fitting of multiple datasets for 3 provides slightly different parameters for C Q and δ iso compared to a previous report. 32 Fitting of the spectra of stationary samples provide a span of 30 ± 10 ppm, a skew of 0.6 ± 0.4, and Euler angles α and β indistinguishable from 90
• .
Oxygen-17 NMR spectra of powdered potassium oxalate monohydrate (4) are presented in Figure 5 . Again, spectra of stationary samples were acquired at 9.4 and 21.1 T, and a spectrum of a MAS sample was acquired at 21.1 T. A spike at 0 ppm is observed in the MAS NMR spectrum due to residual liquid water in this sample. Contributions from the satellite transitions as well as the central transition were taken into account when fitting the MAS NMR spectrum. The water of hydration is characterized by the following parameters: δ iso = 1.1 ± 1.0 ppm, C Q = 6.62 ± 0.10 MHz, and η = 0.95 ± 0.02. Fitting of the spectra of stationary samples resulted in a relatively large CS tensor span of 78 ± 10 ppm and a skew of 0.88 ± 0.12.
Exhaustive attempts to include some low-intensity spectral features observed only at 21.1 T just under 0 ppm ( Figure 5(B) ) in the fitting process, while simultaneously attempting to fit the data acquired at 9.4 T, were unsuccessful. The origins of these bumps were thoroughly explored D r a f t 13 through variable-time echo experiments and these were determined to not originate from the main sample (see Supporting Information, Figure S2 ). The value of the span for 4 approaches that reported by Wu and co-workers for the hydronium ion in p-toluenesulfonic acid monohydrate, 87 ppm. 
This is a particularly negative chemical shift relative to the other data reported here and by
Michaelis et al. 24 ; however, shifts as low as -141 ppm have been reported in solution for rhodium-water complexes. 25 This sample also has the largest quadrupolar coupling constant observed in the present study. Fitting the spectrum of a stationary sample provides a CS tensor span of 33 ± 10 ppm, a positive skew, and Euler angles α and β indistinguishable from 90
Although the range in the observed NMR parameters (e.g., δ iso , C Q , Ω) across the entire series of hydrates is expectedly relatively small when compared to the entire possible range known for all oxygen functional groups (i.e., the isotropic CS range is about 1600 ppm for organic compounds and biomolecules, 17 The results of GIPAW DFT calculations of the 17 O EFG and magnetic shielding tensors for compounds 1 through 5 are presented in Table 4 . These calculations are based on the highest-quality available experimental crystal structures. (Tables 2 and 4 ; see also Supporting Information). This finding is largely consistent with the observations of Michaelis et al., 24 but is generally atypical of current reports in the literature for other systems, including for other "difficult" quadrupolar nuclei and including 17 O in other functional groups. Michaelis et al. found somewhat improved agreement with experiment when using X-ray diffraction structures rather than neutron diffraction structures as the models for their calculations, and when using hybrid DFT functionals with cluster models. Overall, our current findings are consistent with those of Michaelis in that further work to understand the discrepancies between the experimental and computed data is required.
Despite the lack of robust correlations between our experimental dataset and specific geometric or bonding features of the water molecule, it is interesting to note the two extremes of the chemical shifts observed for the hydrates of metal complexes (2 and 5). a. X = alkali/alkaline metal cation for 2 to 5, and X = O for 1. Upper limit for distances listed here is 2.5 Å for 1, 3, and 5, and 3.0 Å for 2 and 4. 
D r a f t
